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Chapter 2 
Increasing the active layer thickness of 




Solar cells based on poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) as electron donor and [6,6]-phenyl C61 butyric 
acid methyl ester (PCBM) as electron acceptor have for many years been the 
working horse of the field of polymer photovoltaics. A striking feature of these 
solar cells is that at a device thickness of 100 nm at the polymers absorption 
maximum only 60% of the incident light is absorbed. From a light harvesting point 
of view, an increase in the active layer thickness is thus expected to significantly 
enhance the generated photocurrent and hence efficiency. Experimentally however, 
the efficiency lowers when using active layers beyond 100 nm, due to a decrease in 
fill factor. This decrease has been attributed to an increasing series resistance, 
although its physical meaning is not clear for solar cells where charge carriers are 
generated throughout the device.  In this chapter the origin of this decreasing fill 
factor is investigated. It is demonstrated that the formation of space-charge, and 
charge recombination puts a limit to the active layer thickness. At the end of the 
chapter the effect of optical interference effects on the results are discussed. 
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2.1 Introduction 
Although outperformed by poly(3-hexylthiophene)  (P3HT) today, bulk 
heterojunction solar cells based on poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) as electron donor and [6,6]-phenyl-C61-butyric 
acid methyl ester (PCBM) as electron acceptor have been one of the most studied 
systems in this field.
1
 Typically these devices have an active layer of around 100 
nm achieving power conversion efficiencies of up to 2.5% under AM1.5 
illumination.
2
 At this active layer thickness at the polymers absorption maximum 
only 60 percent of the incoming light is absorbed. It is evident that increasing the 
active layer thickness will result in an increased absorption in the device 
accommodating larger photocurrents. In spite of this increased absorption it is 
found that upon increasing the active layer thickness beyond typically 100 nm the 
overall power conversion efficiency does not increase, mainly due to a decreasing 
fill factor. This decreasing fill factor has been attributed to an increasing series 
resistance, although its physical meaning for solar cells, where charge carriers are 
generated throughout the device is not clear.
3,4
 Furthermore it is expected that 
charge recombination will play an important role in thicker devices since the 
charge carriers need to travel a larger distance to be collected at the contacts.
3,5,6
 
Previous work by Mihailetchi et. al.
7 
has shown that a large unbalance in 
charge transport in donor and acceptor leads to space-charge effects in polymer 
bulk heterojunction solar cells. In their work a difference between hole and 
electron mobility of 2 to 3 orders lead to a completely space-charge dominated 
photocurrent resulting in fill factors of only 42%. For MDMO-PVV:PCBM devices 
also a difference in hole and mobilities is observed, but here the difference is only 
one order of magnitude.
8
 Since the fill factor of a 100 nm MDMO-PPV:PCBM 
device is typically 60% space-charge effects do not play a role here. The main 
question is now whether this still holds for active layer thicknesses beyond 100 nm. 
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2.2 Space-charge limited photocurrents 
Since the hole mobility in polymers is in general smaller than the electron 
mobility in fullerenes under illumination, holes will accumulate in the solar cell. 
This will in turn result in a change of the electric field inside the device. In the 
region near the anode the electric field will be increased, enhancing the extraction 
of holes. It has been shown that at sufficiently high intensities and mobility 
differences a space-charge limited regime governs the photocurrent described by 










)(            (2.1) 
                                                
where G is the generation rate of free carriers and μ is the mobility of the slowest 
carrier, holes in this case. As can be seen from equation 2.1 a space-charge limited 
photocurrent is characterized by a square-root dependence on voltage and a three 
quarter dependence on generation rate and thus intensity. Because the photocurrent 
depends on the square-root of the applied voltage a purely space-charge limited 
device will have a maximum fill factor of 42%, which is considerably lower than 
the 60% for standard MDMO-PPV:PCBM devices. Since the mobility difference in 
MDMO-PPV:PCBM devices is of only one order of magnitude, space-charge 
effects do not play a role in standard devices. Here the photocurrent density at short 
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where q is the elementary charge, G(E,T) is the field,- and generation dependent 
rate of free carriers and L the active layer thickness. Therefore, increasing the 
active layer thickness will in general result in a higher photocurrent due to the 
increase in absorption. Since the space-charge limited photocurrent is independent 
on device thickness it is expected that upon increasing the active layer thickness at 
some point a transition will occur from a non space-charge limited to a space- 
charge limited device as illustrated in figure 2.1. Here, for the sake of simplicity, a 
constant generation rate G is assumed. Two regimes in the photocurrent can be 
identified; regime I where drift- and diffusion currents compete and which varies 
linearly with voltage, and regime II where the photocurrent saturates. If now the 
active layer thickness is increased the photocurrent will increase and at some point 
will intersect the, thickness independent, space-charge limit. Now a new regime 
appears in the photocurrent, characterized by a square-root dependence on voltage. 
Therefore, this simplified picture predicts a strong decrease in fill factor when 
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play a role. At which point this occurs and whether the field dependence of the 
generation rate and charge recombination plays a role has to be determined by 
modelling of the actual photocurrents.  
 
Figure 2.1: Illustration of the transition from a non space-charge limited (upper figure) to a space- 
charge limited (lower figure) device by increasing the device thickness. Since the space-charge limit 
is independent on device thickness and increasing the active layer will in general result in a higher 
photocurrent at some point the photocurrent will intersect the space-charge limit resulting in a square-
root dependence on voltage (regime II in the lower figure). When the device is below the space-
charge limit only two regimes can be distinguished, regime I where drift- and diffusion currents 
compete and which varies linearly with voltage and regime II where the photocurrent saturates. Field 
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2.3 Device Fabrication and measurements 
Solar cells were made using the standard fabrication technique from a blend of 
MDMO:PPV and PCBM in a 1:4 weight ratio spin cast from chlorobenzene. By 
varying the concentration of the blend solution and spin procedure samples were 
made with active layer thicknesses of 128 to 368 nm. After fabrication the devices 
were measured in a nitrogen atmosphere under illumination of a white light 
halogen lamp calibrated by a silicon diode. To obtain light intensity dependent 
measurements a set of neutral density filter was used, yielding an intensity 
variation of two orders of magnitude  




































































































Active Layer Thickness (nm)
 Figure 2.2: Open circuit voltage, short circuit current, fill factor, and overall power conversion 
efficiency as a function of active layer thickness under 1kW/m2 illumination. 
 
Figure 2.2 shows the open circuit voltage (Voc), short circuit current (Jsc), fill 
factor (FF) and overall power conversion efficiency (η) of the fabricated devices as 
a function of active layer thickness. As expected the open circuit does not vary as a 
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increase in absorption and the fill factor decreases. Due to an increasing short 
circuit current being countered by a decreasing fill factor the overall power 
conversion efficiency stays approximately constant. To understand the decrease in 
fill factor the photocurrents of a thin (128 nm) and thick (368 nm) have been 
studied in more detail including their illumination intensity dependence.  
In figure 2.3 the photocurrent density Jph=JL−JD, where JL and JD are the 
current density under illumination and in dark, respectively of a 128 nm device is 
shown as a function of effective applied voltage V0-VA. Here, V0 is the 
compensation voltage defined as Jph (V0) =0 and VA is the applied bias. Also shown 











. This device is clearly not space-charge limited and two regimes 
can be distinguished. For voltages close to V0 the photocurrent scales linearly with 
effective applied voltage due to a combination of between drift- and diffusion 
currents. With increasing applied voltage (V0-VA>0.1 V) the photocurrent saturates 
to Jph=qG(E,T)L 
 
Figure 2.3: Photocurrent density Jph=JL−JD versus effective applied voltage V0-VA of a device 
consisting of an active layer of 128 nm. Also shown is the predicted space-charge limit using equation 
1.1 with µh=3×10
-8m2/Vs and G=1.9×1027 m-3s-1. The photocurrent is below the predicted space-
charge limit.   
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Figure 2.4: Photocurrent density Jph=JL−JD    versus effective applied voltage V0-VA of a device 
consisting of an active layer of 368 nm. Also shown is the predicted space-charge limit using equation 
1.1 with µh=3×10
-8m2/Vs and G=0.9×1027 m-3s-1. In this case the photocurrent density follows the 
space-charge limit with a square-root dependence on applied voltage. 
The photocurrent density of a thick (368 nm active layer) device is shown in 











. For this active layer thickness the photocurrent intersects 
the space-charge limit and three regimes appear. Like in the 128 nm device the 
photocurrent is linear for small applied voltages (V0-VA<0.1 V).  For 0.3V<V0-
VA<0.7 the photocurrent density shows a square-root behavior typical for a space-
charge limited photocurrent followed again by a saturation of the photocurrent. The 
fill factor of this device will be strongly reduced due to the occurrence of the 
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Figure 2.5: Intensity dependent measurements performed on a thin (128 nm top) and thick (368 nm 
bottom) device. For the thin device the fit of α remains close to unity whereas for the thick device α 
approaches the theoretic value of ¾ in the space-charge regime. 
To check whether the 368 nm device is truly space-charge limited, illumination 
intensity dependent measurements were performed. Figure 2.5 shows the intensity 
dependence of the photocurrent for both devices at various voltages including fits 
of Jph I
α
. For a pure space-charge limited photocurrent one expects a value of ¾ 

































































Incident Light Power [W/m
2
]
  POLYMER FULLERENES SOLAR CELLS 







lenes thesis final2.docx 
 
thin device α ranges from 0.9 in the linear regime to 0.95 in the saturated regime 
indicating that space-charge effects play almost no role here. For the thick device 
however α=0.83 at V0-VA=0.2 V, approaching the theoretical value of ¾ for the 
pure space-charge dominated regime. Again the intensity dependence becomes 
almost linear in the saturated regime. Hence we can conclude that the square-root 
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2.4 Device Simulations 
In order to gain insights into the loss mechanisms in thick and thin 
polymer:fullerene bulk heterojunction solar cells fits have been performed using 
the numerical program described in chapter 1. In figure 2.6 the result of the fits of 
the 128 nm and 368 nm device are shown. Figure 2.7 shows the calculated 
potential through both devices in dark and under illumination at maximum power 
point. Where for the 128 nm device both potentials are equal, for the 368 nm 
device the potential under illumination is altered. As predicted for a space-charge 
limited device, the electric field near the anode is increased due to a build-up of 
holes and the electric field near the cathode is decreased.  
 
Figure 2.6: Simulations of  a MDMO-PPV:PCBM device made with a 128 nm (a) and 368 nm (b) 
active layer. 
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 Figure 2.7: Simulated potential (anode right, cathode left) through a thin (128 nm, top) and thick (368 
nm, bottom) device in dark and under illumination. For the thick device the potential is clearly 
changed upon illumination due to space-charge effects. 
The simulations allow us to address various loss mechanisms individually. 
Table 2.1 lists the current density under illumination (JL), the dissociation 
probability (<P>) and recombination losses at short circuit (Vsc=0) and maximum 
power point (Vmpp=0.653 and 0.50 for the 128 nm and 368 nm device, 
respectively). The average dissociation efficiency decreases from 61% to 45% 
when going from a 128 nm to a 368 nm device and it decreases to 40% at 
maximum power point. This can be attributed to the decrease in electric field due 
































































  lenes thesis final2.docx 
to the increase in layer thickness. Secondly, the recombination losses increase for 
the 368 nm devices. At short circuit conditions losses are still small but at 
maximum power point 35% of the generated charges are lost due to recombination. 
Hence besides space-charge effects also the decreasing dissociation probability and 
charge recombination play an important role in thick polymer:fullerene bulk 
heterojunction solar cells. It should be noted however that it is not possible to 
exactly determine these processes individually since they are interrelated. Due to 
space-charge effects the electric field is reduced in a large part of the device 
leading to a lower dissociation probability and increase in carrier transit times. 
Therefore the increase in recombination not only originates from an increase in the 
distance carriers need to travel to reach the electrode, but is also amplified by 
space-charge effects. 
 
 V [V] JL [A/m2] <P> [%] rec. 
loss.[%] 
128 nm device 
 

















Table 2.1: An overview of voltage, current density, average dissociation probability, and relative 
number of free carriers lost due to recombination at short circuit (SC) and maximum power point 
(MPP) for a 128 nm and a 368 nm device.  
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2.5 Optical Considerations 
In the simulations described thus far, optical effects have been ignored. Due to 
the relatively thin layers compared to the wavelength of the incident light, optical 
interference effects are known to play an important role in organic solar cells.
13,14,15
 
When increasing the active layer thickness the number of absorbed photons does 
not increase gradually but goes through a series of maxima and minima. In our 
simulations we have accommodated for this fact by determining the saturated 
photocurrent at each device thickness, which is directly related to the number of 
absorbed photons in the devices using equation 2.2. In this way we do not have to 
use optical interference modelling to determine the total amount of absorbed 
photons.  
 Due to optical interference, however, the absorption profile through the 
active layer is inhomogeneously distributed (see figure 2.8). In the above described 
modelling a constant generation profile is assumed. One can imagine that an 
inhomogeneous profile will alter the operation of a solar cell, especially when the 
electric field itself is non-uniform as is the case in thick MDMO-PPV:PCBM cells. 
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Figure. 2.8. Simulated exciton generation rate profile (solid line) and its average (dashed line) as a 
function of distance x from the cathode.  
 
To see if these effects play a role in our case an optical model has been used to 
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Figure 2.9 shows simulations of the IV curve of a 368 nm device using either the 
average or the generation profile shown in figure 2.8. It is clear that using an 
average profile results in a slight underestimation of the simulated IV curve due to 
a majority of excitons being generated near the anode (where the field in the device 
is enhanced) in the real device. For layer thicknesses up to 250 nm no significant 
difference between an average or a generation profile was seen in the simulations.
16
  



















Figure. 2.9. Simulated IV curves using an average or a generation profile. Due to inhomogenities in 
both electric field and generation profile the average profile leads to a slight underestimation of the 
simulated IV curve.  
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2.6 Conclusions 
Increasing the active layer thickness of MDMO-PPV:PCBM bulk 
heterojunction solar cells does not result in a higher power conversion efficiency, 
because the increase in short circuit current is cancelled by a decrease in fill factor. 
Using intensity dependent measurements and simulations of the photocurrent it is 
shown that a difference of one order of magnitude in the electron and hole mobility 
poses a limit on the active layer thickness of around 100 nm. When increasing the 
active layer beyond that point a space-charge limited regime appears in the 
photocurrent limiting the fill factor of the device. Secondly, the dissociation 
probability is decreased and charge recombination is increased in thicker samples, 
both by space-charge effects and by an increase in the distance carriers need to 
traverse. Furthermore, optical simulations show that for relatively thin active layers 
assuming a uniform generation rate is a valid approximation. The way to overcome 
the limitation on the active layer thickness is to enhance the transport of the slowest 
charge carriers, in this case the photogenerated holes in the MDMO-PPV. State of 
the art P3HT devices have been shown to maintain high fill factors for active layers 
beyond 350 nm at which almost all of the incoming light is absorbed. These high 
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